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INTRODUCTION 


INTRODUCTION . 

The  shapes  of  the  several  load-curves 
of  sub-stations  and  power-plants  play  import- 
ant roles  in  the  economics  of  the  design  and 
operation  of  such  plants;  in  fact,  the  econ- 
omics of  the  design  depend  equally  on  the 
shapes  of  the  load-curves  and  cost  of  materi- 
al. Hence  the  proper  estimation  of  the  prob- 
able load-curves  which  will  accompany  certain 
operating  conditions  is  a  matter  of  great  im- 
portance. 

In  the  design  of  plant  for  an  Electric 
Railway  man;/  things  influence  the  future  load- 
curves  of  its  power  plant  and  sub-stations. 
The  weight  of  each  car,  the  size  of  each 
equipment,  its  characteristics,  the  distance 
between  sub-stations,  the  distribution  of 
feeder  material  between  sub-stations,  the 
frequency  of  train  service,  the  number  of 
car  units  per  train,  the  number,  placing, and 
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timing  of  train  stops,  the  shape  of  the  sched- 
ule sheet,  and  many  other  factors  influence 
the  sub-station  load-curves.   These,  and  the 
number  of  sub-stations  fed  by  one  power-plant 
influence  the  power-plant  load-curves. 

The  importance  of  each  of  these  fac- 
tors depends  largely  upon  the  nature  of  the 
system  considered,  and  in  manjr  cases  some  of 
these  factors  are  deemed  of  too  little  import- 
ance to  demand  attention.   In  other  cases  each 
factor  is  of  sufficient  economic  importance  to 
warrant  its  careful  consideration.   Thus,  in 
the  case  of  an  elevated  line  or  an  electri- 
fied steam  suburban  line  the  handling  of  the 
morning  and  evening  crowds  to  and  from  the 
business  district  of  a  great  city  demands  a 
far  different  shape  of  schedule  sheet  during 
these  rush  periods  than  during  the  middle 
portion  of  the  day.  Evidently,  in  such  a 
system,  the  frequency  and  timing  of  train 


movement  influence  the  load-curve  shapes  to 
a  far  greater  extent  than  the  size  of  each  in- 
dividual train  unit.  On  the  other  hand,  the 
size  of  motors  and  weight  of  cars  used  on  an 
interurban  line  are  of  great  importance  in 
estimating  the  load-curve  shapes  because  the 
frequency  of  service  is  relatively  low. 

The  relative  importances  of  these 
several  factors  are  borne  in  mind  in  the  fol- 
lowing, although  some  of  them  may  seem  there 
to  be  given  undue  weight.   It  is  realized  that 
in  an  interurban  system  the  value  of  the  mean 
load  on  each  sub-station  will  probably  not  re- 
quire to  be  estimated  within  a  relatively- 
large  number  of  amperes  and  that  the  exact 
timing  of  train  units  will  be  a  variable  quan- 
tity.  Similarly,  it  is  realized  that  a  suf- 
ficiently accurate  load-curve  could  probably 
be  estimated  without  considering  several  of 
the  variables  here  considered.   Therefore  it 
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will  be  borne  in  mind  that  the  purpose  of  the 
railway  example  here  used  is  rather  one  of  il- 
lustration of  method  than  quantitative  exam- 
ple, and,  although  the  application  of  method 
herein  outlined  may  not  seem  altogether  con- 
gruous, it  is  hoped  that  the  choice  of  ex- 
ample can  he  excused.   The  development  of 
the  method  is  made  with  the  above  facts  in 
mind. 


PART      I 


DESCRIPTION  OF  METHOD 
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PART  I. 

The  size  and  kind  of  equipments  used 
on  the  cars  play  important  roles  in  influ- 
encing the  shapes  and  especially  the  values 
of  the  load-curves.  It  is  realized  that  the 
method  of  at tac Icing  the  problem  of  choice  of 
equipment  will  depend  largely  upon  the  char- 
acter of  the  line  considered.  The  following 
method  was  here  used. 

The  size,  weight,  and  character  of 
cars  were  first  determined  from  the  kind  of 
service,  speed,  and  traffic  contemplated. 
The  weight  and  character  of  the  cars  and  the 
number  per  train  then  determined  the  friction- 
curve.   The  approxiioate  number  of  stops  per 
mile  was  then  found  for  each  class  of  service 
by  examination  of  profile  and  character  of 
country.   It  was  then  assumed  that  the  equip- 
ments used  for  both  express  and  local  service 
would,  in  this  case,  be  the  same.   For  maximum 


-6- 

-conditions  the  express  service  was  dealt  with. 
Knowing  the  schedule  speed  to  be  maintained, 
and  the  number  of  stops  per  mile,  the  maximum 
speed  necessary  was  approximated  by  examina- 
tion of  the  curves  of  Plate  IX.  When  the  max- 
imum speed  had  been  found,  the  approximate 
General  Electric  Horse-Power  rating  per  motor 
was  found  from  the  tons  per  motor.   Several 
motors  were  then  selected  from  those  suitable 
and  from  these  an  individual  choice  was  made. 
Alternating-current  motors  were  con- 
sidered at  first  but  finally  rejected  because 
of  difficulty  in  obtaining  the  necessary  in- 
formation about  them.   Several  direct-current 
500-600  volt  motors  were  then  selected.   The 
individual  choice  was  then  made  as  follows: 
Prom  the  general  characteristics  of  each  motor 
were  plotted  general  speed-tractive-effort 
curves  as  shown  in  the  various  preliminary 
plates  and  the  proper  friction  curve  was  drawn 
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across  each.   The  gear-ratio  required  to  ob- 
tain the  necessary  maximum  speed  on  level  and 
the  steady  running  current  were  then  seen  at 
a  glance.  From  their  values  the  probable  suit- 
ability or  unsuitability  of  the  motor  was  de- 
termined at  once.   If  the  motor  was  considered 
a  competitor  its  characteristics  were  plotted 
for  the  proper  gear-ratio.   Test  run-sheets 
were  then  plotted  for  each  preliminary  choice 
and  from  these  the  probable  performance  of 
each  was  estimated.   In  the  cases  of  the  Gen- 
eral Electric  machines  the  proper  data  were 
available  with  which  to  estimate  their  prob- 
able temperature  rises.  From  each  test  run- 
sheet  the  schedule-speeds  and  energy  consump- 
tions were  plotted  against  stops  per  mile. 
From  the  weight  of  each  complete  equipment, 
the  number  of  its  motors,  its  energy  consump- 
tion, ability  to  maintain  schedule-speed, 
probable  temperature  rise,  etc.,  the  choice 
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of  equipment  was  made.   Owing  to  inability  to 
obtain  estimates  of  cost  from  manufacturers 
it  was  assumed  that  the  cost  of  each  equipment 
varied  directly  as  its  weight.   This  seemed  to 
be  as  rational  a  method  of  procedure  as  any 
under  the  circumstances. 

When  the  equipment  had  been  chosen 
the  problem  of  load-curve  study  was  attacked. 
It  was  at  once  realized  that  this  problem  v/as 
very  intricate  and  could  not  be  lightly  entered 
upon.  Moreover,  it  was  realized  that  a  change 
of  any  one  of  many  variables  would  cause  some 
kind  of  change  in  the  load-curves  in  question 
so  that  the  original  choice  of  conditions  be- 
came at  once  a  difficult  and  important  matter. 
In  any  case  when  the  equipment  had  once  been 
chosen  it  was  seen  that  the  chief  remaining 
variables  were  the  location  of  sub-stations, 
the  distribution  of  feeder  material  betv/een 
them,  the  stops ,  including  duration,  location, 
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8-tc,  and  the  timing  of  train  units.   It  was 
considered  that  the  general  conditions  con- 
cerning operation  of  any  kind  of  train,  its 
stops,  their  locations,  etc.,  would  be  nearly 
constant  for  that  train  each  time  it  was  run. 
Of  course  in  no  two  runs  would  the  locations 
and  durations  of  all  stops  be  the  same,  espe- 
cially in  the  cases  of  local  trains,  but  some 
kind  of  assumptions  were  necessary  to  a  study 
of  the  system  and  it  was  believed  that  the 
above  would  be  safer  than  others.   It  was  now 
desired  to  develop  a  method  wheraby  the  load- 
curves  on  sub-stations,  power-plant,  etc., 
corresponding  to  any  schedule-sheet  could  be 
easily  found.   With  such  a  method  in  hand  it 
would  be  easy  to  compare  the  desirability  of 
various  schedule-sheets  from  the  view-point 
of  the  power-system  economics. 

On  the  previous  assumptions  concern- 
ing location,  duration,  and  timing  of  stops, 
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3tc.,  actual  run-sheets  covering  the  entire 
line  were  plotted  for  both  kinds  of  service-- 
express  and  local,  in  both  directions.  Prom 
these  run-sheets,  v/hich  showed  the  relations 
of  speed,  load,  and  distance,  to  time,  new 
curves  connecting  load  with  distance  were 
plotted  so  that  the  current  value  for  any 
kind  of  train  at  any  location  on  the  line 
could  be  seen  immediately.  With  the  distance- 
load  curves  completed,  and  knowing  the  loca- 
tions of  cities,  towns,  etc.,  the  sub-stations 
were  located  to  best  advantage,  taking  account 
of  availability  of  labor,  its  cost,  character 
of  train-load,  etc. 

In  few  systems  is  the  conductor  be- 
tween sub-stations  of  uniform  cross-section, 
especially  where  the  traffic  is  heavy,  so  the 
division  of  load  due  to  any  train  unit  between 
any  two  sub-stations  is  a  complex  one:  the  a- 
mount  of  load  on  one  sub-3tation  does  not,  in 
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-such  a  case  equal  (D  -  L)  x  A  ■*  D         (I) 
where  D=  distance  "between  sub-stations,  L  = 
distance  of  train  from  sub-3tation  considered, 
and  A  =  total  load  of  train  at  the  instant. 
It  would  be  possible,  knowing  the  character 
of  feeder  distribution  between  sub-stations, 
to  divide  the  load  between  them,  no  matter 
what  the  nature  of  that  feeder  distribution, 
but  the  case  of  uniform  feeder  was  here  chosen 
as  presenting  the  simplest  problem.  Hence 
new  curves  connecting  load  on  each  sub-station 
with  location  of  train  between  sub-stations 
were  plotted  on  the  assumption  of  uniform  con- 
tinuous feeder  with  trolley  frequently  tapped 
into  it.  With  these  curves  completed,  it  was 
a  simple  matter  to  go  back  to  the  run-sheets, 
and  from  them  and  the  proportional  load-curves, 
to  plot,  for  each  sub-station,  curves  between 
time  and  load  due  to  the  passage  of  each  kind 
of  train.   Such  curves  are  here  called  compon- 
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ent  load-curves. 

It  is  seen  that  the  component  load- 
curves  furnish  the  key  to  a  system  for  easily 
plotting  the  actual  load-curves.  For,  if  the 
instant  of  passage  of  the  train  in  question 
past  the  sub-station  be  marked  on  the  compon- 
ent load-curve  and  the  instant  when  that  train 
is  due  at  the  sub-station  be  marked  on  a  trac- 
ing sheet,  then  the  tracing  sheet  can  be  shift- 
ed until  the  mark  on  the  curve  corresponds  to 
the  proper  mark  on  the  tracing  sheet  and  the 
curve  can  then  be  traced.   Thus  the  component 
of  load  due  to  that  train  for  the  time  of  day 
in  question  is  traced  and  similarly  other  com- 
ponent load-curves  can  be  traced  in  their  prop- 
er time  relation.   The  adding  of  the  several 
components  at  each  instant  then  becomes  a  sim- 
ple matter  and  the  actual  load-curve  results. 
Thus,  having  given  the  component  load-curves 
of  the  system  the  actual  load-curves  can  easi- 
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ly  be  compounded  by  adding  the  proper  compon- 
ent load-curves  in  their  proper  time  relation 
as  shown  by  a  schedule  sheet.   Of  course  the 
power-plant  load-curve  is  the  sum  of  the  sev- 
eral sub-station  load-curves  taken  in  their 
proper  time  relation,  correction  being  made 
for  losses. 


PART      II 
CHAPTER      I 

CHOICE   OF   CAR  EQUIPMENT  EOR  PORT  WAYNE- 
SOUTH  BEND  AIR   LIKE   TRACTION 
COLlPANY 
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PART  II. 
CHAPTER  I. --The  example  of  line  used 
to  illustrate  the  foregoing  methods  was  a  pro- 
posed high-speed  railroad  connecting  Port  Wayne 
and  South  Bend,  Indiana.   The  distance  between 
these  cities  is  about  eighty  miles,  and  with 
the  proposed  express  running  time  of  two  hours 
and  fifteen  minutes  an  express  schedule-speed 
of  thirty-six  miles  per  hour  was  necessary. 
Examination  of  the  profile  of  the  line  showed 
three  and  one-fourth  miles  of  city  line  in  the 
City  of  South  Send,  over  which  a  schedule-speed 
of  fifteen  miles  per  hour  must  not  be  exceeded. 
Hence  a  schedule-speed  of  thirty-eight  and  one- 
half  miles  per  hour  over  some  seventy-seven 
miles  of  line  was  necessary.  A  study  of  cities 
and  towns  from  terminus  to  terminus  showed 
seven  where  express  passenger  stops  would  pay- 
equal  to  about  0.087  per  mile  (See  Table). 
From  Plate  II  it  was  estimated  that  a  maximum 


-15- 

apeed  of  about  forty-six  miles  per  hour  would 
maintain  the  required  schedule  speed.   The 
energy  consumption  would  seem,  also,  to  "be 
about  fifty-one  ¥att~hours  per  ton-mile. 

It  had  been  decided  to  use  a  three- 
compartment  car  seating  about  sixty  persons. 
The  body  of  such  car  would  probably  be  about 
fifty-eight  feet  long,  and,  with  a  steel  unde*»- 
frame,  weigh  about  37,000  pounds.  Baggage  to 
the  extent  of  2,000  pounds  was  allowed;  9,000 
pounds  were  assumed  for  passengers;  and  2,000 
for  contingencies.  A  compressor  weighing 
2,000  pounds  was  assumed,  each  truck  was  as- 
sumed at  10,000  pounds,  and  a  uniform  allow- 
ance of  16,000  pounds  was  made  for  equipment. 
The  judgment  of  this  last  allowance  may  be 
questioned  because  all  equipments  for  the  same 
service  would  not  be  equally  heavy.  However, 
the  difference  between  the  weights  of  any  two 
equipments  to  perform  the  service  would  be 
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s^uch  a  small  proportion  of  the  total  as  not 
to  warrant  the  necessity  of  preparing  new 
friction-curves,  etc.,  for  each  motor.  Hence 
a  fifty-eight  foot  car  weighing  88,000  pounds 
complete  was  assumed. 

The  choice  of  friction-curve  was  next 
taken  up.   Several  curves  were  considered  in 
their  relation  to  the  assumed  type  of  car,  and 
the  final  choice  was  "based  on  the  following 
formula  due  to  Armstrong: 

■Where  F  =  friction  in  pounds  per  ton,  V  =  speed 
in  miles  per  hour,  jTI   -   number  of  cars  in 
train,  and  T  =  total  tons  of  train  weight, 
(2, 000) pounds  per  ton}.  Upon  the  advice  of  a 
prominent  engineer  this  was  modified  and  used 
as  follows: 

J=--6  /-0J33Y+*^f   Ll-H-O.ln)        (3) 
the  symbols  carrying  the  same  meanings  as 
above.   The  further  assumption  of  a  braking 
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deceleration  of  1.25  miles  per  hour  per  second 
was  made,  this  corresponding  to  a  braking-ef- 
fort of  131.  pounds  per  ton  on  a  two  percent 
down  grade,  rotational  inertia  neglected. 

An  estimate  of  the  size  of  motor  was 
next  made  from  Plate  II.   For  a  four-motor 
equipment  corresponding  to  eleven  tons  per 
motor  an  80  horse-power  motor,  or  for  a  two- 
motor  equipment  a  150  horse-power  motor  was 
considered  a  liberal  estimate.  Hence  motors 
of  about  75  horse-power  rating  were  selected 
as  four-motor  competitors  and  motors  of  125- 
160  horse-power  rating  as  two-motor  competitors. 
The  following  direct  current  motors  were  selected 
on  this  basis:  the  G.  E.  73,  the  G.  E.  66,  the 
Westinghouse  112,  and  the  Vest ingho use  113. 

For  each  competitor  the  proper  gear- 
ratio was  found  and  the  characteristic  curves 
plotted  for  that  ratio.   In  all  cases  36- inch 
wheels  and  500  or  550  volts,  as  given  on  the 
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ariginal  characteristic,  were  assumed.  Each 
motor  was  then  assumed  to  be  brought  up  to 
full  voltage  with  an  allowance  of  current 
equal  to  its  full  load  rating,  and  a  test  run- 
sheet  was  plotted  for  each,  taking  account  of 
rotational  inertia.   Runs  of  two  minutes  dura- 
tion were  allowed  fifteen  seconds  coasting, 
those  of  five,  six,  and  seven  minutes  thirty- 
seconds  coasting,  and  all  others  forty  seconds 
coasting.   The  maximum  run  investigated  was  of 
eleven  minutes  duration.   In  each  case  the  to- 
tal kilowatt-hours--the  kilowatt -hours  per  car- 
mile,  the  watt-hours  per  ton-mile,  the  average 
volts,  distance, and  square-root-mean-square  cur- 
rent--were  found.  Prom  these  data  the  curves 
prefixed  "4"  in  the  preliminary  plates  were 
plotted.   In  the  cases  of  the  G.  E.  73  and  66 
motors  the  losses  were  plotted  against  time 
and  from  the  total  amature  losses,  total  field 
losses,  and  thermal  characteristics  (not  ap- 
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pended)  the  temerpature  rises  were  estimated. 
All  results  thus  obtained  are  found  in  the 
table  of  "Preliminary  Results." 

Lack  of  space  prevents  a  more  complete 
discussion  of  choice  of  equipment.   Be  it  stat- 
ed, however,  that  the  G-.  E.  66  motor  used  with 
a  gear-ratio  of  34  to  60  was  chosen  on  the  as- 
sumption of  36-inch  wheels  and  500  volts  at  the 
motors. 


CHAPTER   II 

DERIVATION  OE  COMPONENT  LOAD-CURVES  EOR 
SUE-STATIONS  OF 

EORT  WAYNE-SOUTH  BEND  AIR  LINE  TRACTION  COMPANY 
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CHAPTSR  II.— With  the  motor  choice 
completed  the  problem  of  plotting  the  actual 
run-sheets  was  attacked.   It  was  seen  that 
this  work  would  be  of  considerable  magnitude 
because  in  all  some  3 00- 3.50  miles  of  speed- 
time,  current-time,  and  distance-time  curve 
would  be  needed  unless  a  short-cut  method  were 
devised.  Evidently  the  minimum  amount  of  work 
would  be  the  plotting  of  160  miles  of  runs, 
80  miles  for  a  north  express  and  80  miles  for 
a  south  express  train.   If  no  short-cut  were 
devised  another  like  amount  of  local  speed- 
time  work  would  be  needed.   It  was  decided  to 
reduce  the  speed-time  work  as  follows:  the  ex- 
press run-sheets  would  be  used  as  the  basis  of 
the  local  run-sheets.   Evidently  the  difference 
between  the  express  runs  and  the  local  runs 
would  consist  chiefly  in  the  local  stops.   If 
the  train  were  running  as  shown  by  the  express 
run-sheet  its  action  as  a  local  could  thus  be 
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found:  having  chosen  the  place  of  local  stop 
the  point  of  "braking  the  train  could  "be  found. 
At  this  point (A) the  local  speed-curve  would 
depart  from  that  of  the  express.  Beginning 
here  the  speed-time  curve  could  "be  replotted,-- 
making  the  stop,  and  then  accelerating.  Theo- 
retically there  would  never  come  a  time  when 
the  speed  of  the  local  train  after  its  stop 
would  equal,  at  some  point  on  the  track,  that 
of  an  express  train  which  had  not  stopped,  un- 
til an  express  stop  were  reached.  However, 
it  was  found  that  by  thus  replotting  about 
10,000  feet  of  run  the  speed  at  some  point (B) 
on  the  track  became  so  nearly  equal  to  that 
of  the  express  train  at  the  same  poiat  that 
the  two  speed- time  curves  could  he  "brought 
together  with  an  error  not  greater  than  that 
in  the  actual  plotting  of  the  curves.   Thus, 
if  the  express  speed- time  curve  were  cut  off 
at  (A)  and  the  new  section  of  speed-time  curve 
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were  inserted,  then  the  express  speed-tim* 
curve  beginning  at  (2)  could  be  joined  to  the 
end  of  the  inserted  section  and  there  would 
result  a  local  speed-time  curve  for  that  sec- 
tion of  track.   The  subscripts  1,  2,  3,  etc., 
beneath  the  letters  (A)  and  (B)  on  the  run- 
sheets  refer  to  the  number  of  the  passenger 
stop. 

In  plotting  the  speed-time  curves  it 
was  decided  to  employ  an  approximate  method 
involving  the  use  of  dynamic -curves  showing 
the  acceleration  or  deceleration  of  the  train 
on  each  of  a  number  of  grades.   By  tracing 
from  the  proper  dynamic-curve  (or  by  inter- 
polating between  two  such  curves)  the  amount 
of  speed-time  curve  necessary  to  carry  the 
train  over  that  grade,   considerable  time 
was  saved  without  loss  of  accuracy.   Train 
resistance  curves  had  been  plotted  for  a  num- 
ber of  grades  and  from  them  and  the  chosen 


motor  characteristics  dynamic -curves  were 
plotted  for  parallel  running.   They  were  not 
plotted  for  series  running  or  for  coasting 
"because  the  amounts  of  such  running  were  too 
small.   It  was  now  a  simple  matter  to  plot 
the  several  run-sheets,  taking  account  of 
stops,  curves,  towns,  railroad  crossings,  etc, 
All  curves  were  reduced  to  equivalent  grades 
on  the  uniform  "basis  of  0.06  %   grade  per  de- 
gree curvature  and  the  compensated  grades 
were  then  plotted  against  distance.   This 
greatly  facilitated  the  plotting  of  the  speed- 
time  curves  because  the  point  of  change  of 
grade  could  be  seen  at  a  glance  by  reference 
to  the  distance- time  curve. 

The  curves  show  that  when  employing 
the  above  principles  the  north  and  south  ex- 
press runs  differed  in  time  by  only  1  minute 
and  27  seconds,  and  the  north  and  south  local 
runs  by  only  3  minutes.   The  characteristics 
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Cf  the  runs  themselves  account  for  such  in- 
significant differences. 

The  distance-load  curves  were  now 
plotted  for  "both  express  runs  and  the  effects 
of  local  stops  shown  by  "broken  lines.  By  com- 
paring these  distance-load  curves  the  best  sub- 
station locations  were  found  and  tabulated. 
Seven  were  decided  uj:>on  and,  although  they 
were  not  evenly  distributed,  it  was  thought 
that  the  best  locations  had  been  chosen.   Only 
two  sub-stations  were  located  in  the  country 
and  they  were  placed  within  easy  reach  of 
towns.   The  others  were  located  where  it  would 
pay  to  establish  baggage  and  freight  depots, 
thus  enabling  the  operator  to  combine  his 
duties. 

■When  the  sub-stations  had  been  located 
the  proportional-load  curves  were  plotted  on 
the  basis  of  continuous  uniform  feeder  with 
frequent  taps  to  the  trolley.   These  curves 
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were  very  quickly  run  off  with  the  aid  of  a 
slide-rule  and  themselves  present  no  features 
of  especial  interest.   As  with  the  distance- 
load  curves  the  effects  of  local  stops  were 
shown  "by  "broken  lines. 

The  coraponent-load  curves  were  now 
plotted,  thus:  "beginning  at  the  instant  when, 
say,  a  north  express  train  passed  sub-sta- 
tion 4  it  "began  to  draw  current  from  sub- 
station 3.  Of  course  for  some  time  most  of 
its  current  came  from  sub-station  4,  but  the 
proportion  from  sub-station  3  increased  until 
finally,  when  it  was  directly  in  front  of  that 
sub-station  all  of  the  current  came  from  it. 
At  that  instant  sub-station  4  ceased  to  sup- 
ply any  current  to  that  train  but  gradually 
sub-station  2  took  the  load.  Finally,  when 
the  train  had  reached  sub-station  2  the  load 
on  sub-station  3  became  zero.   Thus  it  was 
possible,  by  using  a  proportional-load  curve 
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in  conjunction  with  the  proper  run-sheet  to 
plot  a  component-load  curve  for  each  kind  of 
train  for  each  sub-staticn.   On  each  such 
curve  was  shown,  "by  an  arrow-head,  the  instant 
of  passage  of  the  train  before  the  sub-station, 
Since  these  component-load  curves  were 
necessarily  plotted  to  a  small  scale  they  were 
easily  integrated  by  a  planimeter  to  find  the 
energy  consumptions.  By  finding  the  energies 
of  the  trains  approaching  and  receding  separ- 
ately, data  were  obtained  for  finding  the  en- 
ergy consumptions  to  move  the  trains  between 
any  two  sub-stations  or  from  one  end  of  the 
line  to  the  last  sub-station.   These  various 
amounts  were  tabulated.   To  enable  comparisons 
to  be  drawn  between  the  results  obtained  from 
test-run  sheets  and  actual  run-sheets,  the 
several  actual  energy  consumptions  were  re- 
duced to  what  they  would  have  been  with  a 
straight  and  level  track.   These  corrections 


were  made  "by  finding  the  difference  in  eleva- 
tion "between  the  two  consecutive  sub-s tat  ions 
and  the  curvature  between  them  and  applying 
the  proper  constants  in  accordance  with  the 
before-mentioned  assumptions.   Of  course  the 
correction  for  curvature  was  always  negative, 
whereas  that  due  to  elevation  was  negative 
for  a  rise  of  train,  and  vice  versa.  The 
actual  energy  consumptions  obtained  were  in 
accord  with  good  modern  practice. 


CHAPTER      III 

USE   OE   COMPONENT   LOAD-CURVES 
IN  STUDY  OE 
ACTUAL  LOAD- CURVES 
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CHAPTER  III. --On  any  railway  where 
the  sub-station  locations,  cars,  car-equip- 
ments, characters  of  the  several  runs ,  etc., 
are  fixed,  the  factor  Siost  influential  in 
the  operation  of  the  power  system  is  the 
schedule  .   A  frequent  schedule  will  mean 
fairly  uniform  sub-station  and  power-plant 
loads  with  correspondingly  high  load-facto;s  , 
whereas  an  infrequent  schedule  will  mean  the 
opposite.  Moreover,  the  timing  of  the  trains 
will  "be  nearly  as  influential  on  the  load 
conditions  as  their  frequency.  For  if  one 
train  were  to  follow  closely  behind  another 
the  total  loads  would  be  large  and  infrequent, 
hence  the  load-factors  would  be  low.  Again, 
trains  running  in  opposite  directions  should, 
if  possible,  pass  halfway  between  sub-stations, 
for  then  the  load  due  to  the  receding  train 
would  be  decreasing  at  the  same  time  that  the 
load  due  to  the  approaching  train  was  inereas- 
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ing.   The  combined  load  would  evidently  be 
most  uniform  with  this  arrangement.   These 
desirable  conditions  cannot  always  be  realized 
but  they  should  be  sought,  due  consideration 
being  given,  of  course,  to  desirability  of 
service  from  the  standpoints  both  of  the  oper- 
ating department  and  the  public.   The  public 
wants  a  service  providing  trains  at  frequent 
nearly  equal  intervals,  and  the  operating  de- 
partment, as  well  as  the  public,  wants  a  safe 
service  free  from  complicated  train  orders  and 
lay-overs  at  meeting  points;   but,  above  all, 
free  from  accidents. 

To  illustrate  the  use  of  the  component 
load-curves  heretofore  described,  the  schedule 
shown  on  schedule  sheet    1  was  assumed,  lit- 
tle weight  being  given  to  operating  and  other 
conditions  because  of  la,ci:  of  sufficient  data 
concerning  the  characteristics  of  the  travel- 
ing public.    This  schedule  provides  two  trains 
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each  way  each  two  hours:   Express  trains  leave 
South  Send  on  the  even  hours,  and  local  trains 
leave  on  the  uneven  hours.  Express  trains 
leave  Eort  Wayne  on   the  half  hours  following 
the  even  hours,,  and  local  trains  leave  on  the 
quarter  hours  preceding  the  even  hours.   This 
operation  necessitates  the  following  meeting 
points:   2  miles  from  South  Bend  terminus; 
7.5  miles  from  South  Bend  terminus;  Wakarusa; 
Nappanee;   36  miles  from  South  Bend  terminus; 
45  miles  from  South  Bend  terminus;  Kimmel; 
Merriam;  ©nd  73  miles  from  South  Bend  termi- 
nus,— 9  in  all.   Of  these  the  second,  third, 
fourth,  seventh,  and  eighth  are  stopping 
points  for  some  trains.   However,  the  third 
and  eighth  are  the  only  ones  about  halfway 
between  sub-stat ions. 

The  included  time-table  was  prepared 
to  show  the  time  of  arrival  of  each  kind  of 
train  at  each  sub-station  for  this  schedule. 
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Then  it  was  "out  little  work  to  mark  on  the 
tracing-sheet  for  each  sub-station  the  time 
of  arrival  of  each  train  and  properly  trace 
the  component-load  curve  as  thus  placed. 
The  components  were  then  added  for  a  suffi- 
cient number  of  instants  to  give  a  smooth 
curve,  and  the  actual  load-c\irve  was  the  re- 
sult.   The  actual  load-curve  v/as  plotted  for 
only  about  2-1/4  hours,  this,  covering  a  com- 
plete load  cycle. 

From  the  actual  load-curves  the  mean 
loads  were  found  and  plotted  as  heavy  lines. 
The  area  of  the  actual  load-curve  above  the 
mean  load  line  was  evidently  a  measure  of  the 
ampere-hour  capacity  of  that  regulating  bat- 
tery needed  to  provide  a  uniform  load  on  the 
rotaries;   For  the  ampere-hours  there  repre- 
sented were  duo  to  a  load  in  excess  of  the 
steady  load  and  so  would  need  to  be  restored 
from  the  battery.   To  be  exact,  the  steady 


load  should  have  represented  the  actual  load 
drawn  from  the  sub-station,  plus  a  steady  load 
of  such  value  that  the  total  energy  represent- 
ed between  the  actual  load  line  and  the  exact 
load  line  during  a  period  of  tv/o  hours  would 
represent  the  total  battery  and  accessory  loss- 
es during  those  two  hours.   The  efficiency  of  a 
properly  chosen  regulating  battery  working 
on  the  cycle  of  loads  actually  occurring  would 
probably  be  in  excess  of  92^,  so  the  actual 
load  as  shown,  divided  by  0.92,  would  give 
the  actual  rotary  load.  With  a  battery  acting 
both  for  storage  and  regulation,  the  efficien- 
cy would  probably  have  been  not  over  S0/£.  In 
fact,  it  is  a  question  whether  or  not  a  bat- 
tery of  the  size  actually  needed  for  regula- 
tion would  be  installed  because  of  its  small 
dimensions ,  but  no  provision  was  here  made 
for  storage. 

The  factors  determining  the  sizes  of 


of  the  units  in  the  sub-stations  would  "be: 
First,  the  average  load;   Second,  the  maximum 
load;   Third,  the  forms  of  the  load-curves; 
Fourth,  costs;  Fifth,  the  standard  size  avail- 
able;  Sixth,  the  transportation  facilities; 
Seventh,  the  factor  of  reliability  of  service; 
Eighth,  provision  for  growth;   Ninth,  the 
presence  or  absence  of  batteries.   In  choosing 
the  units  for  a  system,  all  of  these  things 
should  be  considered,  due  weight  being  given 
to  each.   In  the  present  case,  costs  other 
than  rough  estimates  were  not  available,  so 
the  factors  considered  were  chiefly  those  re- 
lating to  the  load-curves  and  the  results  ob- 
tained from  them. 

The  average  loads  are  seen  to  range 
from  about  90  to  175  amperes  (without  battery 
corrections),  or  from  about  98  to  190  for 
floating  batteries,  and  from  about  115  to  220 
for  storage  batteries.   The  case  of  a  float- 
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ing  battery  will  first  be  considered.   If  we 
assume  a  single  standard  size  of  rotary  it 
should  be  considered  amply  able  to  carry  250 
amperes  continuously:  This  corresponds  to  125 
E.  ¥.  capacity  at  500  volts.   In  the  event  of 
a  breakdown  at  any  sub-station,  each  adjacent 
sub-station  would  carry  about  50$  overload. 
Units  of  the  above  size  seem  ridiculously 
small ,  but  the  presence  of  batteries  would 
make  the  use  of  larger  machines  unnecessary. 

On  the  contrary,  if  no  batteries  were 
used  the  machines  would  need  to  be  much  larg- 
er.  In  this  case,  one  unit  of  300  K.  W.  or 
two  of  150  K.  V.  capacity  each  would  be  need- 
ed per  sub-station  for  the  schedule  outlined. 
The  effect  of  regulating  batteries  is  at  once 
apparent.  With  a  250  ampere  machine  and  bat- 
tery at  sub-station  4,  the  load-factcr  on 
the  rotary  would  be  about  76^  for  a  24-hour 
day,  or  about  48^  for  a  15-hour  day.   For  sub- 


s_ub-station  7  (having  the  smallest  lead)  , 
the  corresponding  factors  would  "be  about  38/t> 
and  24/£.   On  the  contrary,  without  the  bat- 
teries the  figures  for  sub-station  4  would 
be  29/^  and  18/b  (assuming  a  600  ar-iperp  machine), 
and  for  sub-station   7  they  would  be  14-1/2^ 
and  9/t.     However,  in  the  latter  case,  one  300 
ampere  machine  could  he  used  when  the  results 
would  he  29/'   and  18$,  as  with  sub-station  4. 

The  power-plant  load-curve  was  not 
plotted  because  its  load  factor  would  he  con- 
siderably larger  than  that  of  any  one  sub- 
station, and  because  the  application  of  the 
method  of  using  the  component-load  curves  was 
amply  shown  by  the  sub-station  load  curves. 
By  correcting  the  sub-station  load  curves  and 
adding  them  all  in  their  proper  time  relation, 
the  power-plant  load-cur\re  woulri  result. 


PART      III 


CONCLUSIONS 
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PART  III. 
CONCLUSION'S.  —The  use  of  speed-time 
and  the  related  curves  in  solving  various 
electric  railway  problems  has  bee one  a  matter 
of  considerable  importance.   Such  problems 
generally  arise  in  connection  with  the  choice 
of  car  motor-equipment  to  operate  a  given 
schedule,  the  betterment  of  schedule  possible 
by  using  electric  traction  in  place  of  some 
other  motor-power,  the  best  gear-ratio  to  use 
on  an  old  equipment  to  maintain  a  net/  sched- 
ule, the  effects  of  schedules  of  various  kinds 
on  the  energy- consumption,  the  heating  of  the 
motors,  etc.,  the  proper  acceleration  to  use 
in  any  case,  etc.,  etc.   In  fact,  most  of  the 
present  applications  of  speed-time  principles 
are  concerned  chiefly  with  the  car  equipment. 

It  is  a  question  whether  or  not  the 
application  of  speed-time  work  is  often  or 
ever  carried  so  far  as  accurately  to  prede- 
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termine  the  sub-station,  power-plant,  and 
feeder-loads,  etc.   There  are  several  reasons 
for  this:  First,  the  amount  of  engineering 
work  required  in  the  plotting  of  the  curves 
is  generally  great,  particularly  in  the  case 
of  a  long  interurban  line.   Here,  especially, 
the  amount  of  such  work  is  large  and  the  cap- 
ital invested  is  so  small  a  quantity  as  not 
always  to  warrant  the  work.   Second,  the  ob- 
taining of  the  exact  sub-station  and  feeder- 
loads  would  be  an  extremely  tedious  piece  of 
work  if  no  short  cuts  were  devised,  and,  so 
far  as  the  author  is  aware,  no  such  method 
as  that  herein  outlined  is  in  general  use. 
Moreover,  without  such  a  short  cut  as  this 
one,  the  entire  plotting  of  the  sub-station 
and  feeder-loads  would  have  to  be  gone  through 
for  each  schedule,  thus  enormously  lengthen- 
ing the  work.   Third,  the  predetermination  of 
location  of  stops,  their  durations,  etc.,  and 
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t-heir  constancy  for  all  runs  of  a  given  class, 
would  sometimes  Toe  very  difficult  and  uncer- 
tain.  Fourth,  the  accuracy  of  the  entire  work 
depends  on  the  choice  of  the  proper  friction 
curve,  but  so  many  experiments  have  been  con- 
ducted to  find  the  resistances  of  various 
kinds  of  trains  that  a  rzry   close  estimate  of 
the  proper  curve  is  possible.  Fifth,  and  last- 
ly, such  factors  as  iroltage,  the  personal  equa- 
tion, etc.,  are  variables,  so  some  error  ?;ill 
be  introduced  by  them  at  times,  although  this 
should  be  small. 

The  chief  of  the  above  enumerated  ob- 
jections is  seen  to  be  that  of  amount  of  work. 
Naturally,  a  small  investment  will  not  warrant 
as  great  an  engineering  outlay  as  a  large  and 
important  one.   Stated  another  way,  the  choice 
of  equipment  for  an  interurban  line  of  no 
great  importance  will  be  dictated  largely  by 
the  capital  at  hand,  such  units  and  feeder 
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material  being  purchased  as  the  sellers  of 
the  bonds  can  pay  for.   On  the  other  hand, 
such  a  job  as  that  of  building  an  elevated 
line  or  subway  or  electrifying  a  steara  sub- 
urban line  involves  so  much  capital,  and  the 
sizes  of  units  will  be  such  as  to  make  worth 
while  a  quite  accurate  choice  of  units,  in- 
cluding the  adoption  or  rejection  of  batter- 
ies, etc.   Similarly,  the  amount  of  outlay 
for  feeders  and  other  conductors  will  be  so 
great  as  to  warrant  a  careful  investigation 
of  the  loads  coming  upon  them.  Again,  the 
accuracy  of  predetermination  of  runs,  their 
stops,  etc.,  can  be  made  great  because  the 
trains  will  always  stop  at  the  same  places 
and  the  lengths  of  their  stops  will  be  quite 
uniformly  constant.   Also, the  variables,  such 
as  voltage,  etc.,  are  largely  eliminated  by 
the  use  of  automatic  acceleration.   Lastly, 
the  amount  of  work  involved  in  finding  the 


40- 


various  loads  is  smallest  in  the  case  of  such 
lines,  because  they  are  short,  and  the  number 
of  trains  making  each  kind  of  run  is  great. 
Hence,  it  would  seem  that  the  very  plants  most 
able  financially  to  bear  the  expense  of  care  - 
ful  investigation,  as  above,  are  those  best 
adapted  physically  to  such  investigation. 

A  number  of  interesting  fields  are 
opened  up  to  the  investigator  ^oy   the  use  of 
the  component-load  curves.   Thus,  it  is  but 
little  trouble,  when  these  curves  have  once 
been  obtained,  to  find  the  effect  of  frequen- 
cy of  service  on  load  factor,  battery  capac- 
ity, maximum  loads,  etc.   Or,  with  any  given 
frequency  of  service,  it  is  not  difficult  to 
find  that  set  of  leaving  times  of  trains 
which  gives  the  lowest  peak  load  on  any  given 
sub-station,  or  the  lowest  average  on  them 
all.   Or,  the  effect  on  sub-station  loads 
due  to  running  special  trains  can  be  quickly 
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ftmnd  and  the  most  desirable  times  of  leaving 
best  determined.   Probably  the  most  important 
use  of  the  curves,  however,  is  in  connection 
with  the  desirability  or  undesirability  of 
batteries,  whether  used  simply  to  regulate 
load  or  also  to  store  energy.   Such  uses  as 
these  last  are  especially  interesting  because 
the  choice  or  rejection  of  a  battery  depends 
largely  on  an  accurate  knowledge  of  the  load- 
curve.  Finally,  one  use  in  particular  should 
be  mentioned.   It  is  a  comparatively  simple 
matter  to  find  the  exact  distance  load-curve 
of  any  existing  train  operation  by  the  use 
of  a  properly  equipped  test-table,  several 
of  which  are  in  use.   Having  given  the  dis- 
tance load-curves  actually  occurring,  all 
errors  due  to  inaccuracy  of  friction-curves, 
etc.,  are  eliminated  and  accurate  component 
load-curves  can  be  obtained.   Then,  if  de- 
sired, the  desirability  or  undesirabilitv  of 
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any  proposed  schedule  froia  the  point  of  view 
of  power  system  economics  can  quickly  be  de- 
termined with  assurance  that  the  results  are 
accurate. 
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